Abstract-An intelligent drilling system can be commercially very profitable in terms of reduction in crude material and labor involvement. The use of fuzzy logic based controller in the intelligent cutting and drilling operations has become a popular practice in the ever growing manufacturing industry. In this paper, a fuzzy logic controller has been designed to select the cutting parameter more precisely for the drilling operation. Specifically, different input criterion of machining parameters are considered such as the tool and material hardness, the diameter of drilling hole and the flow rate of cutting fluid. Unlike the existing fuzzy logic based methods, which use only two input parameters, the proposed system utilizes more input parameters to provide spindle speed and feed rate information more precisely for the intelligent drilling operation.
I. INTRODUCTION
Over the decades of revolution, manufacturing field is stepping into a new era of integration of intelligent control and automation with the manufacturing processes. This advancement leads to reduction in crude material and labor. The integration of fuzzy logic controller with the drilling process allows the machining parameters such as spindle speed, feed rate to be automatically and correctly selected under different machining conditions. This can certainly reduce the risk of spoiling the drill bit and increase the productivity. Furthermore, the system will become more intelligent and may result reduction of man power in great amount.
So far, few research works on the application of fuzzy logic in drilling operation is available. Among those, a model was developed in [1] to select cutting speeds for three different materials in drilling operation. The relationship between a given material hardness and drilling speed was evaluated by fuzzy relation for different cutting tool materials, hole diameters and feed rates. Fuzzy logic models to select machining parameters such as, cutting speed and feed rate, was proposed by [2] for computer aided process planning (CAPP) systems. Each model utilizes two-input and two-output variables which are partitioned into several fuzzy sets according to their minimum and maximum values allowed to control the model.
In the consequence, to determine the minimum quantity of lubricant (MQL) according to feed rate and cutting speed a fuzzy logic model was developed in [3] . This study used two main inputs to determine the proper minimum quantity of lubricant by using two inputs, feed rate and cutting speed. In [4] the development stages of a fuzzy logic model were described for metal cutting. The model is based on the assumption that the relationship between the hardness of a given material and the recommended cutting speed is an imprecise relationship, and can be described and evaluated by the theory of fuzzy sets. Almost similar investigation was conducted by [5] where the proper cutting speed according to the hardness of the work piece and the material in turning operation was determined by using fuzzy logic model. In addition to the above, a fuzzy-logic controller (FLC) is designed in [6] to automatically adjust feed rate in order to regulate the cutting force of milling processes in a vertical machining center. The controller utilizes the cutting force, difference between cutting force and reference cutting force to calculate and compute the feed rate. In the sequel fuzzy inference system for intelligent air-conditioning system was developed in [7] .
A parameter optimization method for machining glass-fiber reinforced plastic (GFRP) composites with multiple characteristics using fuzzy logic was proposed in [8] . A multiresponse performance index (MRPI) was used for optimization. The machining parameters, namely, work piece fiber specially applied to the GFRP composites, cutting speed, feed rate, depth of cut, and machining time were optimized with considerations of multiple response characteristics, including material removal rate, tool wear, and surface roughness. The drilling parameter optimization for Carbon Fiber Reinforced Plastic (CFRP) was described in [9] . The fuzzy optimization of drilling parameters is based on five different input performance characteristics, namely, thrust force, torque, entry delamination, exit delamination and eccentricity of the holes. The fuzzy logic controller then selects the best drilling parameters such as spindle speed and feed rate for the operation of machining the CFRP. Also, in [10] , the fuzzy logic model has been developed for the drilling operation. The model is used to select drilling speed for the workpieces for two different materials, mild steel and carbon steel. [11] proposed and discussed a method of selecting machining parameter of machining titanium alloy by using fuzzy logic model. The model can be effectively used to predict the tool flank wear, surface roughness, and specific cutting pressure in machining of titanium alloys.
From the relevant studies it can be observed that, the existing fuzzy logic systems select spindle speed and feed rate of the drilling operation according to two inputs such as, material hardness and different cutting tool. Specifically, the existing drilling systems have considered only two inputs. In this study, an improved fuzzy logic based system with more inputs has been developed for drilling operation process. More specifically, in this paper, a design of an intelligent system which considers hole diameter and cutting fluid flow rate is presented in Section II. In Section III system input-output is defined. The performance of drilling system is simulated using the MATLAB Fuzzy Logic toolbox is also discussed in this section. Some concluding remarks are given in Section IV. Fig. 1 illustrates the simple block diagram of fuzzy logic controller. The user defined temperature is subtracted from the actual room temperature before send to fuzzyfication from the input. In the analysis part, fuzzy arithmetic and criterion are applied based on the input variables with certain rules. Then, the final results are defuzzyfied to yield the following output results. 
II. SYSTEM DESIGN

A. Fuzzy Logic Controller
B. System Parameter and Fuzzy Rules
The linguistic variables and term of input and output parameters are defined as in TABLE I and TABLE II  respectively. TABLE I respectively. More detail on the input parameters are given in the next section. A set of sixty fuzzy rules is used in this study. The rules are set to change the output parameters according to the different conditions of input parameters. C. Fuzzyfication of the input i. The first step of fuzzification process is to define the fuzzy sets in the input and output variables.
ii. The possible domain interval of both the inputs and outputs are divided into a number of regions in such a way that they overlap each other or not.
iii. The length of region may differ for each variable and one membership function is assigned to each region. The fuzzy sets for input fuzzy variable are listed in TABLE I.
iv. To allow controlling the system the input 'material hardness' is divided into the minimum and maximum value on the basis of hardness and has been given a range of 0-20. Any value above the range will be assumed to be infinity. The value '0' represent material hardness as almost minimum will be mentioned as 'hardness min' and the value '20' will represent maximum material hardness and will be mentioned as 'hardness max'. In the similar manner the input 'tool hardness is also divided into the minimum and maximum value on the basis of hardness in the range of 0 to20.
v. The parameter 'depth of drill' is divided into 'shallow', 'medium' and 'deep' and been break in the range of 1-120mm. The range represents the depth of drill from a minimum value of 1mm to the maximum value of 120mm. From it can be concluded that the drilling machine can support the maximum depth of drill of 120mm only.
vi. Similarly, the output variable 'spindle speed' and 'feed rate' has been divided according to range of speed required. In the value '55' represent spindle speed is 55 rpm which is also minimum for the spindle speed while in the value '840' represent spindle speed is 840 rpm which is also maximum for the spindle speed.
vii. There is no standard method of choosing the proper shape of the fuzzy sets of the control variables [9] . Trial and error methods are usually exercised.
III. SYSTEM SIMULATION AND RESULT The results of this intelligent drilling system are simulated using the MATLAB Fuzzy Logic Toolbox which also provides the graphical user interface (GUI) tools. Those primary GUI tools in Fuzzy Logic Toolbox are the FIS Editor, the Membership Function Editor, the Rule Editor, the Rule Viewer and the Surface Viewer.
A. Fuzzy Inference System (FIS) Editor
FIS Editor handles the high level issues of the system
where a number of input and output variables have been declared with specific names. As shown in Fig. 2 , this editor is used to define the shapes of all the membership functions (MF) associated with each variable. For example, Fig. 3 and 4 represent the membership function of hole diameter and cutting fluid flow rate respectively. Similar membership function can be illustrated for other input parameters using FIS editor.
B. Rule Viewer
The rule viewer, showed in Appendix-I, is a MATLAB based display of the fuzzy inference diagram shown at the previous section. This viewer is used to diagnose the system. The relationship between active rules and the individual membership function shapes and how it will influence the results. In TABLE III shows two different inputs and outputs fuzzy values. Appendix-I demonstrates the rule viewer for drilling process according to first input conditions given in TABLE III. The outputs result for spindle speed and feed rate with different inputs which are hardness of material and tool, depth of cut, cutting fluid flow rate and hole diameter can be manipulated from the rule viewer. 
C. Surface Viewer
The purpose of the surface viewer (SV) is to display the relation between input(s) and output(s) including plot of the output surface map. The inputs control both spindle speed and feed rate of the drilling process which helps to enhance the precision. In this application, the depth of drill and hole diameter can optimize the spindle speed and feed rate during drilling operation. Besides, fuzzy controllers also have an extra input function such as cutting fluid flow rate which also controls the outputs to provide more precise drilling process.
D. Discussion
From Fig. 5 to Fig. 9 , the relationships among inputs and the outputs have been shown in three dimensional surface graphs. The generated graphs show the outputs characteristics due to the variation in the inputs. The three dimensional graph in Fig. 5 represents the effect of tool and material hardness on the spindle speed. As the tool hardness increases from 0 to 20, the spindle speed also increased. However, the speed does not improve much when the material hardness is increased. The three dimension graph in Fig. 6 illustrates the effect of tool and material hardness on the feed rate. As the tool hardness increases from 0 to 20, the feed rate also increased. However, the feed rate does not depend much on the material hardness as demonstrated in the figure. The graph shows that, the feed rate does not increase much as soon as the material hardness is increased more than 10. Fig. 7 illustrates the effect of hole diameter and depth of drill on the spindle speed. As the inputs increase, the spindle speed also increases, but not in a linear fashion. The increment of spindle speed reaches to the maximum when hole diameter and depth of drill are 20mm and 120mm respectively. Consequently, Fig. 8 represents the effect of depth of drill and hole diameter on the feed rate. As demonstrated in the figure, the feed rate is increased when the depth of drill is decreased. Unlike the depth, increment of hole diameter yields increment in the feed rate. In addition, Fig. 9 represents the effect of cutting fluid flow rate and material hardness on the feed rate. As depicted in the figure, the feed rate is increased almost linearly with the increment of both cutting fluid flow rate and material hardness. Fig. 10 and Fig. 11 show the relationships of cutting fluid flow rate with spindle speed and feed rate respectively. Both the spindle speed and the feed rate remain at the maximum level when the fluid flow rate is increased more than 4 cm 3 /s. However, improving the fluid flow rate does not improve the outputs any more. This indicate that, in the real life machining, an appropriate amount of cutting fluid can reduce the friction and heat during the drilling process and thus prevent the damage to the tool and work piece from overheating. To give a clearer understanding of the work flow for fuzzy logic based drilling process, a real situation will demonstrated where a student need to drill a hole in aluminum work piece with high speed steel. The input-output data of the controller are listed in TABLE IV. The table indicates that the depth for the drilling is 40 mm and the hole size is 4.7 mm. In this example, the material and tool hardness with 10 and 20 respectively in the scale mentioned earlier. Lastly the cutting fluid flow rate is set to 0.05 in./rev. As a result, the spindle speed and feed rate will be fixed at drilling machine as 613 rpm and 12.3 in./rev respectively. Output, after applying the aggregation method row by row, has been shown in Appendix-II. From the figure, it can be noticed that there are only three row, no.1, no.2 and no.5 have major effect on output, which implies that, the depth of drill and hole diameter would not affect spindle speed and feed rate much. 
IV. CONCLUSION
In this paper, a fuzzy logic controller has been designed for an intelligent drilling system. The performance of the controller is simulated using MATLAB Fuzzy Logic toolbox. The proposed controller is a smart system with the capability of optimizing the output parameters of the drilling process. Specifically, considering the material and tool hardness together with the cutting fluid flow and the hole diameter, the proposed system can control the cutting parameters such as spindle speed and feed rate more precisely during the drilling operation. Therefore, the efficiency of the conventional drilling system can be improved easily by manipulating the parameters of the proposed fuzzy logic based control system.
